Metal-mediated redox processes are of fundamental importance in a wide variety of bond formation and cleavage reactions. The utility of transition metal catalysts in this type of reactions stems from their ability to switch between two (or more) oxidation states. Recently, there has been increased interest in redox processes that do not occur at the metal centre, but instead take place within the ancillary ligand framework (so-called 'redox-active' or 'non-innocent' ligands).
[1] The use of organic ligands as redox equivalents is of key importance in biological (enzymatic) transformations, [2] and has
been shown to open new reactivity pathways in catalysis.
[1c] The most studied ligands of this class are dithiolenes and dioxolenes, while recent work has focussed on α-diimines [3] and bis(imino)pyridines. [4] A class of ligands that has found widespread utility in the synthesis of metal complexes across the periodic table are the monoanionic β-diketiminates. [5] These are generally considered as stable ligand scaffolds without involvement in redox-chemistry. Recently, examples of β-diketiminate metal complexes were reported in which the ligand was either reduced to a metal-bound di-or trianion, [6] or oxidized to a neutral radical species. [7] However, the limited stability of β-diketiminate complexes upon changing oxidation state prevents widespread application.
[8]
Formazanates (1,2,4,5-tetraazapentadienyls), [9] which are close analogues of β-diketiminates, have received comparatively little attention as ligands in coordination chemistry. [10] The stability of organic 6-membered heterocyclic radicals (verdazyls) that are derived from formazans prompted us to explore the use of formazanates as potential redox-active ligands (Chart 1). Here we show that zinc complexes with formazanate ligands engage in remarkably facile and reversible redox-chemistry which allows the full characterization of bis(formazanate) L 2 Zn complexes in charge neutral, anionic or dianionic redox states.
Chart 1
Bis(formazanate) zinc complexes are readily accessible by protonolysis of Me 2 Zn with the neutral ligand precursors PhNNC(ptol)NNHPh (1a) and PhNNCH( t Bu)NNPh (1b). In the case of formazan 1a, an immediate colour change from red to intense blue is observed to indicate formation of the bis(formazanate) complex (PhNNC(p-tol)NNPh) 2 Zn (2a, Scheme 1). Yellow 1b also reacts immediately with Me 2 Zn, but in this case heating to 50 °C overnight was required to obtain full conversion to (PhNNC( t Bu)NNPh) 2 Zn (2b, Scheme 1). Both complexes are obtained in good yield (>75%) by crystallization as intensely coloured solids. Single crystal x-ray diffraction studies (Figures 1 and S1 , pertinent bond distances in Table 2 and S2) reveal a very similar tetrahedral geometry around the central Zn atom. [11] As is the case in related β-diketiminate complexes, full delocalization within the formazanates is indicated by the equivalent N-N and C-N bond lengths in the backbone of each ligand.
[12] In order to establish the redox-active nature of the formazanate ligands in compounds 2, we ran cyclic voltammetry experiments in THF solution with [Bu 4 N][B(C 6 F 5 ) 4 ] electrolyte. [13] Upon scanning in a reductive direction the CV shows two quasi-reversible, singleelectron redox processes, labelled system I/I' and II/II' (Figure 2 ). These correspond to the reversible formation of the radical anions of 2a and 2b (2a ⋅-or 2b ⋅-; system I/I') and the corresponding dianions (2a 2-or 2b 2-; system II/II') respectively. If the scan direction is reversed after the reductive peak I but before peak II, then the reoxidation of the radical anion (2a ⋅-or 2b ⋅-) is once again observed as peak I' indicating that each redox process is sequential and independent. When the scan rate is varied between 100 and 1000 mVs -1 all processes exhibited a linear relationship between peak current and the square root of the voltage scan rate, indicative of diffusion-controlled redox processes. Excellent fits between experiment and digital simulation of the cyclic voltammetry of 2a and 2b ( Figure 2 ) yielded optimised values of formal potentials, E 0 , and electron transfer rate constants, k 0 listed in Table 1 . Replacing the inductively electron donating tert-butyl group with the electron withdrawing p-tolyl group on the formazanate ligands has the expected effect on the reduction potentials (Table 1) . Interestingly, the one-electron reduction of both bis(formazanate)zinc complexes 2a and 2b occurs at more negative potentials (E . [14] This likely reflects the different Lewis acidity of the boron and zinc centres together with a different degree of covalency in the metal-ligand bonding. Cyclic voltammetric characterisation indicates that both the singly-reduced radical anion and the doublyreduced dianionic states of 2a and 2b are synthetically accessible. In accordance with the CV data, the chemical reduction of neutral bis(formazanate) complexes 2a and 2b could be accomplished by treatment with 1.0 equiv of Na(Hg) in THF. The resulting radical species [Na(THF) 3 ][(PhNNC(R)NNPh) 2 Zn] (R = ptolyl, 3a; R = t Bu, 3b) could be isolated as crystalline material by slow diffusion of hexane into the THF solution (Scheme 1). Compounds 3a and 3b are NMR silent but show broad EPR signals (g-value ~ 2) both in THF and the solid state (298 and 77K) devoid of observable hyperfine coupling ( Figure S3 ). The crystallographically determined structures (Figures 3 and S1 , pertinent bond distances in Table 2 and S2) show that the tetrahedral L 2 Zn -radical anion interacts with a Na(THF) 3 + cation through one (3a) or two (3b) nitrogen atoms of a formazanate ligand. [11] A closer ). The Zn-coordinated L 2-fragment can be considered an inorganic analogue of a verdazyl radical (Chart 1). [15] The long N-N bonds in the L 2-fragment result from the unpaired electron occupying a molecular orbital (SOMO) which has π * N-N antibonding character (vide infra). The observation of two distinct ligand redox states is likely related to electrostatic interactions with the cation, which localizes the additional negative charge. A similar situation is observed in related bis(ligand) complexes: in the case of neutral radical species [PhB(μ-N t Bu) 2 ] 2 M (M = Al, Ga) [16] and (β-diketiminate) 2 Al [17] the unpaired electron is fully delocalized over the spirocyclic structure, while for the radical anions [PhB(μ-N t Bu) 2 ] 2 M -(M = Mg, Zn) localized spin density is observed due to interaction with the cation. [18] As suggested by the CV measurements, compounds 3 react with an additional equivalent of Na amalgam to give the dianionic complexes [Na(THF) 3 ] 2 [(PhNNC(R)NNPh) 2 Zn] (R = p-tolyl, 4a; R = t Bu, 4b), of which 4b was crystallographically characterized (Figure 4 , pertinent bond distances in Table 2 ). [11] It contains two sodium cations that both interact with two N-atoms of a different formazanate ligand. The presence of an additional electron in both ligands (L 2- ) is evidenced by the similar bond lengths in 4b, which are elongated in comparison to the neutral precursor 2b (Table 2 ). EPR spectra of diradicals [19] 4a and 4b in frozen THF solution (77K) are very similar and show features indicative of randomly oriented triplets (g = 2.0028) with characteristic half-field (Δm s = 2) signals ( Figure 5 ). The zero-field splitting parameters D = 11.6 × 10 [20] and comparable to D-values found for purely organic phenylene-linked bis(radical) compounds (radical = semiquinone; [21] verdazyl), [22] which range between ca. 4-10 × 10 -3 cm -1 . It should be noted that although metal complexes with coordinated verdazyl radicals have been prepared, [23] compounds 4 present the first examples of diradical 'metallaverdazyl' compounds. these bands is similar to that observed in organic (Kuhn-type) triarylverdazyls. [24] In addition, a weakened and bathochromically shifted absorption is observed which is attributed to the L -fragment in 3a/b. For compounds 4a and 4b, the intensity of the low and high energy absorptions due to the L 2-fragment is increased relative to the singly reduced species 3. The most prominent absorptions in the visible range are at 510/798 (4a) and 436/755 nm (4b) in agreement with the presence of only reduced formazanate (verdazyl-type) ligands.
DFT calculations were carried out to examine the electronic structure of the complexes described here. The crystallographically determined bond lengths and angles are reproduced accurately by (unrestricted) B3LYP/6-31G(d) calculations using Gaussian09 starting from the X-ray coordinates. However, geometry optimization of the 'free' radical anions 3 at the UB3LYP/6-31G(d) level of theory resulted in structures in which the SOMO is delocalized over both ligands. is present in the crystal structure determination is included in the computations, the unpaired electron is localized (see Figure 6 for 3a calc ). This is in agreement with the experimental data and suggests that electrostatic effects are responsible for this localization. The calculated hyperfine interactions with the 14 N nuclei are small in 3a calc (< 2.1 G), which likely accounts for the broad, featureless EPR signals observed experimentally. bond lengths of ca. 1.346 Å, which is somewhat shorter than those observed experimentally for 4b (av. 1.367 Å). Broken-symmetry DFT calculations [25] show two ligand-based unpaired electron spins that are antiferromagnetically coupled (J calcd = -7.9 cm -1 ) to give a singlet diradical ground state ( Figure 6 ). The calculated spin density in diradical 4a calc indicates that the unpaired electrons are located at the nitrogen atoms of the ligands, with some contribution of the aromatic substituents. To verify experimentally the ground state of 4a, preliminary EPR studies were carried out in the temperature range of 6-60K (THF glass) to determine the temperature dependence of the EPR signal intensity (I). A plot of I×T vs. T shows that I×T decreases upon lowering the temperature ( Figure S4 ). This behaviour is indicative of a singlet diradical ground state, [19] thus corroborating our computational results. Although singlet biradical species like 4 are rare, Roesky and co-workers recently reported a dicarbene zinc compound for which the singlet diradical was calculated to be lower in energy than the triplet by ~ 4 kcal/mol. [26] In conclusion, we have shown that complexes with formazanate ligands give rise to reactivity that is not accessible with their β-diketiminate congeners. Bis(formazanate) zinc complexes engage in remarkably facile reductive chemistry to give isolable one-and twoelectron reduction products of L 2 Zn, the stability of which results from the 'metallaverdazyl'-type structures obtained. The use of coordinated formazanates as reversible electron reservoir in (catalytic) reactions is currently under investigation in our laboratory.
Experimental Section
(PhNNC(p-tolyl)NNPh)2Zn (2a). A 1.2 M solution of Me2Zn in toluene (0.82 mL, 0.98 mmol) was added slowly to a suspension of PhNNC(ptolyl)NNHPh (620 mg, 1.97 mmol) in 10 mL of toluene at room temperature. The mixture was stirred for 2 h after which the colour had changed to intense blue. The volatiles were removed in vacuo and the residue was subsequently extracted into a hot 3:1 hexane/toluene mixture. Slow cooling of the clear dark blue solution to -30 °C for 2 days afforded 552 mg dark violet crystals of (PhNNC(p-tolyl)NNPh)2Zn·(toluene)0.5 (0.75 mmol, 76%).
1 H NMR (200 MHz, C6D6, 25 °C) δ 8.42 (d, 2H, J = 7.9, p-tolyl CH), 7.70 (d, 4H, J = 7.8, Ph o-H), 7.29 (d, 2H, J = 7.9, p-tolyl CH), 6.81 (t, 4H, J = 7.7, Ph m-H), 6.66 (t, 2H, J = 7.4, Ph p-H), 2.25 (s, 3H, p-tolyl CH3). 
